This paper discusses effects of humidity on photocatalytic cyclohexane oxidation performed in an internally illuminated monolith reactor equipped with an immobilised layer of approximately 3 µm titania (Hombikat uv100). Using dry nitrogen containing 10-20% of oxygen, cyclohexanone is produced with high selectivity (> 90%) over cyclohexanol. The photocatalytic monolith deactivates within 80 minutes of operation. Regeneration of activity of such deactivated monolith is possible by air treatment at 450°C.
Introduction
In photocatalysis, photons activate catalysts to highly energetic states, while no additional heat is needed to supply activation energy to convert reactants. Photocatalysis is employed for contaminant removal from gases and liquids such as air and water, self-cleaning of surfaces such as glass windows, transferring solar energy into chemical energy by for example water splitting and CO 2 activation. Photocatalysis has also been investigated for chemical synthesis. [1] [2] [3] [4] In particular, photocatalysis has been shown to improve the selectivity of synthesis processes that are conventionally employed at elevated temperatures. Thermally activated consecutive and parallel reactions are suppressed at the near-ambient temperatures at which photocatalysis is carried out.
The industrial production of cyclohexanone is energy-intense. Cyclohexane is oxidised at 140-180°C [5] . To minimise side $ Notice: this is the author's version of a work that was accepted for publication in Applied Catalysis A, General. Changes resulting from the publishing process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. Changes may have been made to this work since it was submitted for publication. A product formation, the conversion is kept low. Unconverted cyclohexane is separated from the reaction mixture and is recycled. Cyclohexanol and other byproducts are converted into cyclohexanone, again after energy intensive separation processes.
Oxidation of liquid cyclohexane by using an uv-illuminated titania photocatalyst around room temperature promises improved selectivity and overall energy savings. The following aspects have been addressed in the literature:
• modification of the TiO 2 photocatalyst [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] • optimisation of reactant/product adsorption/desorption on/ from the photocatalyst [9, 16, 17] , e.g. by addition of water [18, 19] or solvents [19] [20] [21] • regeneration of deactivated photocatalysts [22] • optimisation of the operation temperature [23] • optimisation of (the wavelength of) the irradiance [15, 24] • optimisation of the oxygen concentration [21] • optimisation of the reactor design [25] • mechanistic understanding [26, 27] to allow rational design of improved catalyst materials
Most of the studies indicated above employed slurry reactors to evaluate catalytic performance. Immobilisation of the photocatalyst eliminates the need for filtration of the reactor effluent and principally enables continuous operation of the photocatalyst. Various photocatalytic reactor concepts using a monolith (channel diameter > 2 mm) and/or fibres have been proposed to immobilise titania:
• an internally illuminated monolith reactor (iimr) [28] that contains a monolith onto which the photocatalyst is immobilised (coated). A favourable surface/volume ratio is achieved this way while eliminating the need for photocatalyst recovery. Side-light emitting fibres continuously illuminate the photocatalyst that is coated onto the walls of the monolith channels.
• uv-transparent monoliths [29, 30] to allow external illumination by for example the sun, thus reaching a large surface of immobilised catalyst without suffering from shadow effects
• reticulated foam monoliths [31] in order to enhance mass transfer (compared to honeycomb monoliths) by the random, tortuous nature of the foam
• optical fibre reactors [32] [33] [34] [35] [36] to increase the illuminated surface area of immobilised catalyst
• photonic band-gap (inverse opal) TiO 2 , i.e. "photonic crystals", coated onto fibres [37] showing an increased photonic efficiency
Here, we further discuss the internally illuminated monolith reactor (iimr). Experimental data on monoliths for purification of water [31, 32] and air [38] [39] [40] [41] are available, but a detailed systematic evaluation of parameters affecting the performance in selective oxidation has not been reported so far. Du et al. [28] have published the results of only one experiment using the iimr, in combination with the photocatalyst anatase titania Hombikat uv100 for production of cyclohexanone from cyclohexane. A significant initial rate was reported, which rapidly decreased. An explanation for this trend was not provided. Carneiro et al. [22] have also published a result on the performance of a Solaronix TiO 2 photocatalyst coated onto a silicacoated cordierite monolith. The silica was used to prevent accumulation of (inactive) TiO 2 in the macropores of the cordierite. This study does not provide information on the effects of process parameters, such as humidity, on the reaction efficiency in the monolith and neither on deactivation aspects. Water vapour has been reported to affect the performance of photocatalytic cyclohexane oxidation in slurry reactors [18, 19] , by altering adsorption/desorption behaviour and/or by forming hydroxyl radicals.
The herein presented study provides novel detailed information on the performance of the iimr in photocatalytic cyclohexane oxidation using titania Hombikat uv100, and specifically addresses the influence of water vapour on the performance.
Experimental
All chemicals used in this work were obtained from SigmaAldrich and used as received (unless otherwise stated). Anatase titania Hombikat uv100 was kindly provided by Sachtleben, and also used as received.
Internally illuminated monolith reactor system
The internally illuminated monolith reactor (iimr) developed by Du et al. [28] was used in this work, see Figure 1 for a schematic diagram. This reactor consists of a glass reactor vessel containing a titania-coated monolith of about 23 cm long and 4.2 cm in diameter. For illumination of the photocatalyst that was coated onto the monolith walls, side-light emitting fibres were inserted into the monolith channels from the bottom of the reactor vessel, see Figure 2 for a photograph. Liquid cyclohexane (0.8-1.0 L, dried overnight by addition of 100 g 4 Å molecular sieve [4-8 mesh] to 5 L of cyclohexane) was recirculated from a 1 L storage tank over the reactor using a gear pump. A nozzle sprayed cyclohexane on top of the monolith channels. Liquid samples were taken from the storage vessel using a tube connected to a 10 mL plastic syringe. A water bath kept the storage vessel at a constant temperature of around 25°C
. Around 0.02 mL of hexadecane was added to the storage vessel to estimate the evaporation of cyclohexane from the iimr by comparing the hexadecane concentration before and after operation (see Appendix B.3 for more information). See A mixture of water vapour, air and nitrogen was fed to the reactor vessel from the top. The composition of this gas mixture was controlled using four mass flow controllers (Brooks 5850S). The air that was fed to the setup was dried by a Drierite ® gas-drying unit 2 (not shown in Figure 1) . Part of the air and nitrogen flows can be directed to a flask filled with water, where the gases bubble through. Part of the gas stream was thus humidified. A relative humidity sensor (Sensirion sht71) determined the humidity of the gas mixture entering the reactor. After passing through the reactor vessel, the gas flow entered the storage vessel from the bottom and bubbled through cyclohexane. A tap water cooled condenser was located just before the gas exhaust to minimise the loss of cyclohexane.
A pc running Labview 2010 controlled the gear pump and the mass flow controllers. Temperature sensors (K-type thermocouples) were located at the top and bottom of the reactor vessel and in the storage vessel. Reactor conditions (temperatures, flows) were logged by the Labview software. The reactor was operated at atmospheric pressure.
We ensured that enough ventilation around the reactor system was available to stay below the explosion limits of cyclohexane (1.2-8.4 v%) at all times.
Lamp and fibres
Tip-coated side-light emitting fibres (SpectraPartners) were used to illuminate the channels of the monolith contained by the iimr. Each fibre had been coated at the end with aluminium to reduce emission from the tip as much as possible (Figure 2 ). The bundle of side-light emitting fibres was connected to an extension fibre bundle that in turn was connected to a 100 W high pressure mercury lamp system (hp-100 from Dr. Gröbel, containing an Osram hbo r 103w/45 lamp). The illumination could be dimmed by varying the distance between the extension fibre bundle and the collection of fibres inserted into the monolith.
Irradiance was determined using a photospectrometer (usb4000 from Ocean Optics, configured for a wavelength range of 220.75-400 nm). The photospectrometer was calibrated radiometrically using a calibration lamp (Ocean Optics dh-2000-cal). Light emitted by the fibres was collected using a cosine corrected irradiance probe (cc-3-uv from Ocean Optics). A holder made from black plastic was designed for probe and fibre to accurately analyse a well-defined part of the fibre [42] .
A spectrum of the light irradiating from the extension fibre bundle is shown in Figure 4 . A qualitative spectrum in the wavelength range of 300-700 nm was also obtained (Appendix A.1).
Irradiance emitted at 7 cm from the end of a used, dirty sidelight emitting fibre connected via the extension fibre bundle to the hp-100 mercury lamp was determined. Irradiance amounted 1 · 10 −4 W m −1 fibre for the wavelength range of 230-388 nm. Measurement of irradiance at the start of the fibre yielded double values, which is in agreement with the observations of Du et al. [28] . Taking the average for the whole fibre yields 2 Drierite ® consists for 98 % of the drying agent calcium sulphate (CaSO 4 · 0.5H 2 O), and for 2 % of the moisture indicator cobalt dichloride (CoCl 2 ). −5 mol h −1 as estimation for the total amount of photons (assumed wavelength 300 nm) emitted by the 100 fibres. Since the illuminated surface area of the monolith was estimated at 0.16 m 2 , irradiance on this catalytic surface is calculated at 1.9 · 10 −4 mol h −1 m −2 . This value is about ten thousand times lower than the maximum irradiance for the linear dependency of reaction rate (2.3 mol h −1 m − assuming photons of 300 nm) [43] . Thus, we expected that the performance of the iimr was limited by irradiance. Furthermore, determined irradiance was a factor thousand smaller than the irradiance reported by Du et al. [28] , possibly due to an inferior light connection and the use of the fibres in previous experiments causing fouling.
Quantitative analysis by gas-liquid chromatography
An Agilent 7820a gas-liquid chromatograph (gc) was used to determine the concentrations of cyclohexanone, cyclohexanol and hexadecane in cyclohexane as sampled from the iimr setup. The gc was equipped with a capillary column hp-5 from Agilent 3 and a flame ionisation detector (fid). An automated liquid sampler (Agilent als 7693a) injected 1 µL onto the column, using a 10 µL standard syringe. The als used cyclohexane for rinsing the syringe. Helium was used as carrier gas. Plasticcapped 2 mL glass vials from Chromacol were used to collect and analyse liquid samples of 1 mL.
We prepared standard solutions containing all three components (cyclohexanone, cyclohexanol and hexadecane) in cyclohexane and analysed these to determine optimal gc settings, gc column temperature program and response factors (see [42] and Appendix B.1 for more information). The gas-liquid chromatograph needed in total 40 min to analyse one sample.
Samples taken from the iimr were analysed by gas-liquid chromatography the same day in duplicate, in a randomised order. See Appendix B.2 for more information.
Monolith
The characteristics of the monolith are summarised in Table  1 . A top view of the monolith is shown in Figure 5 . We coated anatase titania (Hombikat uv100) onto the cordierite monolith as follows. 
Preparation of the coating solution
The coating procedure was inspired by previous work [22, 28] . 45 mL titanium(iv) isopropoxide (Ti [OCH (CH 3 ) 2 ] 4 ) was slowly added to 500 mL of demineralised water while stirring at 40°C. The addition speed was around 0.5 mL min −1 . The aqueous solution of titanium(iv) isopropoxide was kept at 40°C using a heating plate equipped with thermostat. 5 mL of nitric acid was added drop by drop with a Pasteur pipette to catalyse the hydrolysis reaction. The resulting solution that contains white flakes was stirred for at least 16 hours at 80°C. Around 100 mL water was added to prevent evaporation of all liquid during these 16 hours. 100 g Hombikat uv100 was added to the white, now homogeneous solution, and stirred vigorously using a hand blender (Philips hr1363 600 W) for 15 min.
Coating the monolith
The monolith was dried at 150°C in a furnace for several hours, prior to coating. The monolith was inserted into a 500 mL glass cylinder after it was cooled down, and the coating mixture was added to the cylinder until the monolith was fully submerged. During 10 min of contact between monolith and coating mixture, we pulled out the monolith somewhat and pushed back repeatedly to facilitate mixing of the coating solution and flow of the liquid into the channels. For another 10 min the monolith was submerged the other way down, to minimise uneven partitioning of the coating.
Immediately after taking out the monolith from the coating solution, it was held horizontally, while continuously rotating the monolith around its longest axis to prevent the coating solution from accumulating. Pressurised air was used to remove excessive liquid from the monolith channels. Hot air from a hairdryer (Principal A168 2000 W) was used to dry the monolith further.
Once the coating had been applied and the monolith showed no visible liquid, calcination was performed at 450°C for 15 min (heating rate 40°C min −1 ) in a furnace. Once cooled down, the monolith was dipped again in the coating solution and the other steps of the coating procedure were repeated. The coating procedure was carried out three times in total, to obtain a layer thickness of around 27 µm, as reported by Du et al. [28] .
Operation of the iimr
The following procedure was carried out to test the photocatalytic activity of the titania-coated monolith in the internally illuminated monolith reactor (iimr).
The liquid temperature was kept constant around 25°C, unless otherwise stated. The liquid flow was 1.6 L min −1 (pump setting 3000 rpm). By varying this liquid flow it was determined that liquid mass transfer limitations were absent [42] . The total liquid volume at the start of each session was kept between 0.8 and 1 L. Gas humidity was varied throughout the experiments, the total dry gas flow was kept constant around 200 mL min −1 , and the dry air/nitrogen ratio was around 50/50, unless otherwise stated.
In dry conditions, after approximately 80 min of illumination (see Section 3.2), the monolith shows no production of cyclohexanone or other components anymore. Whenever required, the monolith was removed from the iimr, dried and treated in a furnace (40 K min −1 ) at 450°C for 15 min under static air, for regeneration.
Results and discussion

Morphology of the TiO 2 coating
A cross-sectional view of the coating of strongly agglomerated anatase titania particles on the surface of the cordierite monolith is shown in Figures 6 and 7 . The thickness of the layer is estimated to be in the order of 2 to 3 µm (Figure 6 ), sufficient to fully absorb the light in the applied illumination conditions. Figure 7 demonstrates that the coating is rather homogeneous, and that the applied coating procedure prevents accumulation of TiO 2 in specific domains of the cordierite support. Figure 8 shows the liquid bulk cyclohexanone production in the course of time of three characteristic iimr sessions (see Table 2 for conditions). The graph shows that a freshly coated monolith (squares) produces liquid bulk cyclohexanone under dry conditions from the start of illumination at 0 min. After 80 min, the production ceases. After 100 min, even a decrease in liquid bulk cyclohexanone concentration is determined (see the insert of Figure 8) .
Performance in dry conditions
Subsequently, the liquid product mixture was replaced by fresh cyclohexane. Cyclohexanone was found present in the liquid bulk at the start of the consecutive session, probably because of desorption from the monolith surface. No additional production of cyclohexanone can be observed during the period of illumination (Figure 8, session 2, circles) . Quite the contrary: some consumption can be noticed. This is likely due to physical (re-)adsorption of cyclohexanone onto the titania surface of the deactivated monolith upon illumination, see Section 3.3.1. The observed amounts of decrease in bulk concentration are realistic for adsorption, when compared to for example adsorbed amounts determined by attenuated total reflectance Fourier transform infrared spectroscopy (atr-ftir) [27] .
After thermal regeneration, activity under dry conditions was restored, and a production profile similar to the fresh monolith was obtained (not shown) [42] . We propose that the monolith deactivates under dry conditions due to inhibition of active sites by reaction products (cyclohexanone, cyclohexanol, carboxylates and carbonates). Heating the monolith in air will remove these reaction products, including carboxylates and carbonates, thereby restoring photocatalytic activity.
Carneiro et al. [22] were not able to observe activity of titania Hombikat uv100 powder, following use in slurry conditions at relatively high light intensity and consecutive heat treatment at 400°C for 1 h in air. The successful regeneration observed for the monolith in the present study might be due to the higher temperature used for regeneration. Furthermore, due to the applied low light intensity, the nature of the deactivating species might be different (less stable against thermal oxidation).
Effects of humidified gas flow
In the following paragraphs we will discuss the increased production, enhanced stability, and changes in selectivity as a function of humidity.
Increased production and prevention of deactivation
Under humidified gas flow (relative humidity > 20 %), no deactivation was observed for as long as seven hours [42] . This is demonstrated by session 19 (triangles, Figure 8 ). The period is preceded by a slightly higher rate in the initial stages of the experiment. The higher initial rate is due to desorption of cyclohexanone produced in experiments prior to session 19 (at lower humidity levels than the 52% of session 19), initiated by the relatively high humidity provided. After 150 min, water adsorption equilibrium has presumably been reached, yielding a lower, but stable cyclohexanone production rate.
The hypothesis of cyclohexanone desorbing as a result of humidity is supported by the following experiment. Figure 9 shows transients in cyclohexanone and cyclohexanol concentrations as a function of transients in humidity ranging from 0 to 80% in dark conditions. Before this experiment, the monolith was applied in multiple illumination experiments in humid conditions, the last at approximately 50% humidity. The first transient to dry conditions clearly results in a linear decrease in cyclohexanone and cyclohexanol concentrations, suggesting adsorption of the products onto the monolith structure. Increasing the humidity to 80% subsequently results in desorption, at similar apparent rate as the adsorption process. The response of the monolith to humidity changes is slow. Surprisingly, a second dry-wet cycle showed faster transients in concentration: the re-adsorption of both products of cyclohexane oxidation is faster, but also the subsequent rate of desorption. Apparently illumination changes the adsorption behaviour of TiO 2 .
Some other experiments [42] show that a monolith that has a history of uv-illumination adsorbs more cyclohexanone from the liquid bulk than a monolith that has not seen uv or longer ago. This change in adsorption behaviour due to illumination is in line with other research on cyclohexanone desorption [16] , and with the known photo-induced hydrophilic effect [2] (also known as "photoinduced superhydrophilicity" [1]).
Note that despite illumination history, a regenerated monolith produces cyclohexanone immediately (without an induction period) for 80 minutes under dry conditions. Therefore we think the heat treatment resets adsorption behaviour of the titania surface. Additionally, one long illuminated session was carried out around 4.2 % relative humidity. As expected, this session started with the consumption of both cyclohexanone and cyclohexanol. At the end of the session (from 460 min course time), cyclohexanone and cyclohexanol concentrations became stable, suggesting that physical adsorption equilibrium had been reached. Since there was still cyclohexanone and cyclohexanol existent, we conclude that no chemical reactions are responsible for the decrease in products, but physical adsorption is the cause.
Furthermore, Carneiro et al. [18] have shown that humidified gas enhances desorption of cyclohexanone from anatase titania Solaronix "S450", in both dark and illuminated conditions. Renckens et al. [16] showed desorption of cyclohexanone from Hombikat uv100 in the dark as well. Almquist and Biswas [19] observed increased cyclohexanone production under illumination for humidified gas flows, and attribute this among other things to increased desorption of products.
We therefore propose that adsorption of water onto the titania surface results in desorption of the reaction products cyclohexanone and cyclohexanol. We assume that one type of active site is involved in both the production of cyclohexanone and cyclohexanol. It is known that the rate of photocatalytic oxidation depends directly on the concentrations of oxygen and the reactant, not on the concentrations of the oxidation products [43] . However, adsorbed cyclohexanone and cyclohexanol can get oxidised further towards carbon dioxide; "deep oxidation". The rate of deep oxidation of cyclohexanol and cyclohexanone will depend on the concentration of respectively adsorbed cyclohexanol and cyclohexanone.
Thus, increasing humidity leads to decreasing surface occupancy of reaction products, probably decreasing the rate of deep oxidation of cyclohexanone and cyclohexanol. This results in increasing apparent production rates of bulk cyclohexanone and cyclohexanol as observed in Figure 10 .
Transient rates and limitations
In view of the above transients in adsorption behaviour, apparently depending on the illumination history of the monolith, determining the effect of humidity on production rate is far from trivial. We have attempted to derive such correlations in Figure 10 . Solid symbols denote stable rates (for example the rate observed for session 19 after 120 minutes, in Figure 8 ), while open symbols represent transient rates, circles representing higher rates observed when changing humidity from low to high values (for example the initial rate of session 19 in Figure  8) , and squares the opposite change from high to low values of humidity. As shown in Figure 10 this transient leads to significant adsorption of the products, in some cases even leading to apparent negative production rates (up to 40% of humidity).
The arrow pointing downwards at 40 % relative humidity (rh) in Figure 10 indicates that when increasing the humidity from < 40 % to 40 % during an experiment, initially a cyclohexanone production rate of around 8 · 10 −6 mol h −1 (open circle) is obtained, changing to a stable cyclohexanone production rate of 3 · 10 −6 mol h −1 (solid diamonds). The arrow pointing upwards indicates the reverse observation: decreasing humidity from > relative humidity (%) Figure 11 : Liquid bulk production rate of cyclohexanol divided by that of cyclohexanone versus relative humidity. Production rate ratios of negative rates are not shown.
40 % to 40 % initially yields a cyclohexanone production rate of around 0 mol h −1 , slowly changing to a steady state cyclohexanone production rate of 3 · 10 −6 mol h −1 (solid diamond). We explain this behaviour as follows. During the oversaturated state of the monolith, water desorbs from the TiO 2 surface. Desorption of water liberates sites on which cyclohexanone can be adsorbed, temporarily decreasing liquid bulk cyclohexanone production. When adsorption equilibria have been reached, the cyclohexanone production rate has returned to the solid line connecting the solid diamonds. The same reasoning applies to a monolith that was previously applied in less humid conditions ( Figure 10: open circles) . A temporary increase in apparent production rates is caused by increased desorption of products, due to adsorption of water.
For rh > 70 % a deviation from the linearity in activity increase can be observed. From the five rates at rh > 70 %, the lowest three are stable production rates. The two highest rates (open circles) were only observed for one hour or less, at the start of an experiment. We think that for equilibrium at rh > 70 %, the relatively small number of free sites due to adsorbed water negatively affects the steady-state liquid bulk production rate of cyclohexanone.
Having significant (multilayer) occupation of water on the surface might also have consequences for O 2 availability, as follows. Physical solubility of oxygen in cyclohexane is almost fifty times larger than oxygen solubility in water at 20°C [44] . Thus, another explanation for the decreased rates for rh > 70 % is that the uptake of oxygen by titania is faster for a comparatively dry surface in direct contact with cyclohexane, than for a titania surface with a high water occupancy.
Cyclohexanol production and selectivity
Cyclohexanol was not produced in observable quantities under dry conditions. In humid conditions, the cyclohexanol concentration rose more for increasing humidity than the cyclohexanone concentration shown in Figure 8 (session 19 ). This unfortunately leads to a decreased selectivity towards cyclohexanone in humidified conditions as compared to dry conditions. Carneiro et al. [18] obtained the same type of results for illumination of Solaronix "S450" powder in a top illuminated slurry reactor (tir): humidified gas flow yielded sustainable bulk production of cyclohexanone and cyclohexanol while dry gas flow did not yield cyclohexanol.
For positive production rates, the ratio of cyclohexanol divided by the cyclohexanone production rate is plotted in Figure 11 . Although scattered data are obtained, the trend is obvious: cyclohexanone selectivity is lower in humidified conditions. The ratio of cyclohexanol production rate divided by cyclohexanone rate increases from 0.4 to 1.0 as a function of increasing humidity from 30 % to 90 %. We propose two causes for this:
1. an increase in hydroxyl radical concentration 2. prevention of deep oxidation of cyclohexanol by, as compared to cyclohexanone, a larger extent of increased desorption
The following two sections discuss these two explanations.
Hydroxyl radicals. Hydroxyl radical formation can be enhanced at increased levels of water vapour [45] . The increase in reaction rate of cyclohexane with these hydroxyl radicals might lead to an increase in cyclohexyl radical concentration. Thus, the rates of formation of both cyclohexanone and cyclohexanol will increase. Furthermore, hydroxyl radicals can readily react with cyclohexyl radicals, forming cyclohexanol [19] . Since formation of cyclohexanol is second order-dependent, and assuming first order dependency of cyclohexanone formation on hydroxyl radical concentration, the rate of cyclohexanol formation will increase comparatively stronger than the formation rate of cyclohexanone. Therefore, increased availability of hydroxyl radicals leads to an increase in cyclohexanol/cyclohexanone production rate ratio, as observed ( Figure 11 ).
Prevention of deep oxidation of cyclohexanol. Increasing humidity can also lead to non-proportionally decreasing concentrations of adsorbed compounds as a result of different adsorption equilibrium constants. Adsorbed cyclohexanone and cyclohexanol can get oxidised further towards carbon dioxide; "deep oxidation". The rate of deep oxidation of cyclohexanol and cyclohexanone will depend on the concentration of respectively adsorbed cyclohexanol and cyclohexanone. When the concentrations of adsorbed cyclohexanone and cyclohexanol decrease non-proportionally as a result of increasing humidity, the loss of cyclohexanol and cyclohexanone due to deep oxidation will decrease non-proportionally too. This can result in a decrease in apparent selectivity towards cyclohexanone ( Figure 11 ). This is in agreement with previous results [18] .
Boarini et al. [21] demonstrate that addition of a polar solvent such as dichloromethane yields more cyclohexanol, and less carbon dioxide. Unfortunately, due to the low conversion values, analysis of the gas effluent for CO 2 is difficult. This is necessary to support the hypothesis that deep oxidation of cyclohexanol is prevented by competitive adsorption of water.
Uv-induced regeneration
Carneiro et al. [18] show by attenuated total reflectance Fourier transform infrared spectroscopy (atr-ftir) that adsorbed carboxylates and carbonates accumulate on the surface of anatase titania Hombikat uv100 and Solaronix "S450" during irradiation at dry conditions. Carboxylates decrease the photocatalytic activity of TiO 2 [15] .
Hydroxyl radicals are thought to oxidise organics that are (irreversibly) adsorbed on the photocatalyst [46, 47] . Humidified air at illuminated conditions adds to the quantity of hydroxyl radicals on titania [45] . Humid air without illumination does not remove carboxylates and carbonates from the titania surface, only after switching on the light these are removed [18] . Hydroxyl radicals probably oxidise carboxylates and carbonates to carbon dioxide; Ameen and Raupp [47] for example detected that water vapour converts adsorbed species involved in photocatalytic gas-phase o-xylene degradation into carbon dioxide, which can be explained by hydroxyl radicals. Einaga et al. [46] observed similar results for the photocatalysed oxidation of gaseous benzene.
We illuminated a deactivated monolith under 91 % humid gas flow for one hour, thus exposing the TiO 2 surface to hydroxyl radicals (without cyclohexane). Unfortunately, production of cyclohexanone under dry illuminated conditions directly after this regeneration attempt was not observed. Similar experiments in the presence of liquid cyclohexane showed no regenerative effect for activity under dry conditions either.
We conclude that photocatalytic oxidation products such as cyclohexanone, cyclohexanol, carboxylates and carbonates could not be removed adequately from the titania surface using combined illumination and humid gas flow, in order to restore activity of the monolith under dry conditions. It could be that our irradiance (Section 2.2) is too little intense to generate enough hydroxyl radicals to achieve monolith 'cleaning'. This is subject of further research in our laboratory.
Photocatalytic efficiency
A measure of the performance of a photocatalytic process is the photonic efficiency. In the present study, the production of cyclohexanone divided by the amount of photons, is 17 % (at a relative humidity 65 %). This is a significant number, and indicates that transfer of charge carrier states (electrons and holes) to the adsorbed molecules (cyclohexane, water, and oxygen) is relatively fast.
Still, the observed rates in cyclohexanone production are quite small, and large reaction times are needed to obtain significant quantitative yields of cyclohexanone. Dimming the irradiance of all fibres results in a lower bulk cyclohexanone production rate; the performance of the iimr is limited by irradiance. One of the limiting factors in photocatalysis in general is the ability to expose the catalytic sites to sufficient light. While the geometry of a monolith is favourable to enhancing catalytic rates, the optical fibres used in the present study are capable of only emitting small quantities of light. Manipulation of the fibres is necessary to increase the emission. We expect that if irradiance is increased by a factor 1.2 · 10 4 to at least 2.3 mol h −1 m −2 , significant improvements in performance can be obtained. This value (assuming photons of 300 nm) corresponds to the maximum for linear dependency of reaction rate on irradiance, albeit determined in slurry reactors [43] .
Conclusions
Aim of this work was to determine the performance of the iimr equipped with titania Hombikat uv100 in the photocatalytic oxidation of liquid cyclohexane to cyclohexanone. The influence of water vapour on the performance was investigated.
Operating the iimr in a dry gas flow leads to deactivation. Activity can be restored by heating the monolith at temperatures of 450°C in air.
Deactivation was not observed when operating the iimr using humid gas flow (rh > 20 %), probably explained by enhanced desorption of the products from the catalyst surface, thus preventing consecutive oxidation to surface deactivating species.
Cyclohexanone production increases linearly with increasing relative humidity. Production of cyclohexanol appears to benefit stronger from humidity as compared to cyclohexanone, which can be the consequence of a concentration of hydroxyl radicals in humid conditions, as well as by preferred desorption from the TiO 2 surface.
Hydroxyl radicals were not found to regenerate the catalyst for cyclohexane oxidation.
Randomisation of the analysis order ensures that possible trends in analysis deviations will not enhance experimental trends, but will result in random effects. Resulting peak surface areas of each duplicate were compared, a third gc analysis was performed when two areas of a duplicate differed significantly more than the average difference of other samples. Such a third (or even fourth or fifth) gc analysis of a certain sample pointed which determined peak area(s) is/are the outlier(s). Outliers were neglected in further calculations. The average peak surface area of each duplicate was used in further calculations. Note that the duplicates were not used to estimate the random error in peak surface areas.
To minimise confidence intervals of iimr sample concentrations, the linear regression done in gc response factor determination for standard solutions (see Section Appendix B.1) was redone for each iimr experiment. Only standard solutions covering the gc peak area range of zero up to the experiment's maximum peak area were used in the regression, to minimise standard deviation s lr originating from linear regression.
Appendix B.3. Calculation of reactor concentrations
The liquid concentrations of cyclohexanone, cyclohexanol and hexadecane contained by the iimr were determined using gc analysis of the liquid samples. It was assumed that hexadecane does not evaporate from the reactor liquid due to its low vapour pressure (< 7 · 10 −6 bar versus 0.10 bar for cyclohexane at 20°C ). Thus, from the increase in concentration of hexadecane c HED from moment t 1 to t 2 , the volume of reactor liquid V For most reactor sessions the trend in increase of hexadecane concentration was close in size to the random error in hexadecane concentration. Therefore, hexadecane concentration data were linearly regressed before using the data for the correction for evaporation of cyclohexanone and cyclohexanol concentrations.
Note that the rates were calculated by multiplying with the volume that was poured into the reactor setup. This volume might have actually decreased somewhat due to evaporation during the pre-saturation time. On the other hand, the actual liquid reactor volume might have been somewhat higher due to liquid volume that was already contained by the reactor in dead volume spaces. Since these two effects weaken each other and are considered minor, no correction was applied for these effects.
Each liquid sample for gc analysis is about 1 mL. Since the total amount of samples taken is small compared to total reactor volume (around 1.5 %), the decrease in reactor volume from sampling was neglected in calculations.
------ Photon count as a function of wavelength (300-700 nm) of the light exiting the mercury lamp system Dr. Gröbel hp100. The photon count from 700 until 1100 nm was negligible and is therefore not shown. This spectrum plot was determined using a photospectrometer hr4000 from Ocean Optics.
